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(54) Acousto-optical tunable waveguide switch 

(57) A wavelengtii selective acousto-optical 
waveguide device comprises a first and a second opti- 
cal path (150,160) with an optical path difference (d) 
between the two waveguides set to tfie value 
d = ±X (k + m) where, X is the wavelength of the optical 
signal, k is a number greater than 0 and less than 1 ; and 



m is 0 or an integer number, so as to create a phase 
shift between at least two parasitic components of the 
optical signal, such as to eliminate them by destructive 
interference. 
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The present invention relates to an acousto-optical 
tunable waveguide switch, with balanced optical paths. 

In telecommunications networks with wavelength- 
division multiplexing, several optical transmission sig- 
nals, or several channels, that are Independent one 
from the other are transmitted in the same line, consist- 
ing, usually, of an optical fibre, by means of wavelength 
multiplexing, that is the simultaneous transmission of 
signals at different wavelengths by means of frequency 
division. The transmitted signals, or channels, can be 
either digital or analog and they are distinguished one 
from the other since each of them is associated with a 
speafic wavelength. Inside the networks there are 
nodes wherein the signals are switched from optical 
fibre lines that come together at an optical fibre line 
. node to optical fibre lines that branch out from the node 
In order to address the signals inside a node, simplifying 
Its architecture, it is possible to use wavelength selec- 
tion optical commutators. At the output of the networks 
in order to separate the individual signals again, filters 
are needed that are capable of transmitting a wave- 
length band centered on the wavelength of a signal and 
sufficiently narrow to block adjacent signals. 

Integrated acousto-optical devices are known 
whose operation is based on the interactions between 
light signals, propagating in waveguides obtained on a 
substrate of a birefringent and photoelastic material 
and acoustic waves propagating at the surface of the 
substrate, generated through suitable transducers The 
interaction between a polarized optical signal and an 
acoustic wave produces a polarization conversion of the 
signal, that is, the rotation of the polarization of its TE 
(transversal electric) and TM (transversal magnetic) 
components. ' 

In such acousto-optical devices, by controlling the 
frequency of the optical waves it is possible to tune the 
spectral response curve of the devices, which makes 
them suitable for being used as switches and as optical 
filters of the signals in optical telecommunications net- 
works with wavelength-division multiplexing. These tun- 
able switches and filters allow the selection of the 
signals to be changed and. thus, to reconfigure a net- 
work, without altering the cabling of the components 

These acousto-optical devices also allow the 
switching and simultaneous selection of different sig- 
nals or channels, if the acoustic wave propagating at the 
surface of the substrate is the superimposition of differ- 
ent acoustic waves. In fact, the switches execute the 
combined switching of the signals at the wavelengths 
corresponding to the simultaneously applied frequen- 
cies and the filters have a pass band corresponding to 
the set of different wavelength intervals, determined by 
the frequencies of the acoustic waves. 

♦r^^ '*" ®* ^- '^^^ Quantum Elec- 

tronics (Vol. 27. No. 3, pages 602-607. March 1991) 
aescribe an acousto-optical waveguide device, with 
wavelength selection, acoustically tunable, with a 



response independent of the polarization, that can be 
used as a (2x2) switch with two inputs and two outputs 
and as a fitter. 

The switch, shown in Fig. 4 of the article, comprises 
s a substrate consisting of a crystal of lithium niobate 
(UNbOa). x-cut and with y-propagation, two parallel 
optical waveguides, two passive polarization splitters 
an electro-acoustic transducer, an acoustic waveguide 
and acoustic absorbers. The optical waveguides and 
10 the electro-acoustic transducer form an acousto-optical 
mode conversion stage. The electro-acoustic trans- 
ducer is formed by interdigital electrodes capable of 
generating a radio-frequency (RF) surfece acoustic 
wave with a central frequency of 180 MHz. The acoustic 
IS waveguide has a width of 150 microns and contains 
both optical waveguides. The acoustic absorbers serve 
to eliminate reflections of the acoustic wave and freely 
propagating waves. 

The optical waveguides and tiie polarization split- 
20 ters are formed by diffusion of titanium in the substrate 
and the channel of the acoustic waveguide is also 
formed by diffusion of titanium in areas tiiat circum- 
scribe It. The interdigital electrodes of the elecb-o- 
acoustoc transducer are formed through deposition by 
25 catodic spraying of tin oxide and indium oxide. 

D.A. Smitii et al. in Applied Physics Letters (Vol 56 
No. 3. pages 209-211, January 1990) describe ar^ 
acoustically tunable optical filter with polarization inde- 
pendent response, of the same type as the device of 
30 Pohlmann et al.. The filter by D.A. Smitii et al. is made in 
a crystal of lithium niobate, x-cut and with y-propaga- 
tion, 5 cm long and comprises two optical waveguides 
spaced by 270 microns, an electro-acoustic b-ansducer' 
consisting of interdigital electi-odes, and two polarization 
35 splitters, consisting of directional couplers 

D'Alessandro et al. in IEEE Photonics Technology 
Letters (Vol. 6. No. 3. pages 390-393. March 1994) 
describe an acousto-optical switch of the same type as 
tiie device of Pohlmann et al.. The switch of D'Alessan- 
« dro et al. is made in an XY crystal of lithium niobate 5 
cm long, and comprises two optical waveguides an 
electro-acoustic transducer, an acoustic waveguide 
wherein the optical waveguides are contained, and two 
passive polarization separators formed by means of 
"S protonic exchange / titanium diffusion and annealing 
The switch operates with four signals having 4 nm- 
spaced wavelengtiis between 1546 nm and 1558 nm 
and four pilot radio frequencies having values of 175 89 
MHz. 175.38 MHz. 174.86 MHz. 174.42 MHz. to select 
50 the four optical wavelengths. 

John J. Johnson et al. in the US patent 5 218 653 
d^ribe an acousto-optical device similar to that of 
D Alessandro et al. (Fig. 2). 

The acousto-optical devices described above ooer- 
^l! 2x2 switches, witii a response independ- 

ent of tfie polarization. 

If a channel at a given wavelength is selected the 
optical signals at that wavelength, entering ttirough an 
input, are addressed to the corresponding cross-state 
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output and those entering through the other input are 
addressed to the corresponding other cross-state out- 
put (switch in the cross-state). The non-seiected signals 
are addressed from an input to the corresponding direct 
output (switch in direct-transmission or parallel state, 
bar-state). 

These devices operate as tunable pass band acou- 
sto-optica! filters with polarization independent 
response in the cross-state switching condition, wherein 
only one input is used together with the corresponding 
cross-state output. 

There are several drawbacks in the devices 
described above. 

The devices consist of a single stage of acousto- 
optical conversion; in such a single stage the polariza- 
tion conversion by interaction between optical signal 
and acoustic control wave in the two optical waveguides 
is accompanied by a frequency shift having a value 
equal to the frequency of the acoustic wave. Such a fre- 
quency shift, in the described configuration, has an 
opposite sign depending on the polarization of the opti- 
cal signal and. thus, the two separate orthogonal polar- 
ization components have a positive and a negative shift, 
respectively. 

The frequency shift of the optical signal from the 
acoustic conversion frequency can generate beat prob- 
lems in telecommunications networks. 

In order to limit the frequency shift of the two polar- 
izations in the two optical waveguides, acousto-optical 
devices have been proposed wherein with each optical 
waveguide there is associated a respective acoustic 
waveguide. 

H. Herrmann et al. in Proceedings 6th European 
Conference on Integrated Optics, pages 10.1-10.3, April 
1 993 (EClO '93, Neuchatel. Switzerland) describe a 2x2 
acousto-optical switch (Fig. 1 0) comprising two optical 
waveguides and two acoustic waveguides side by side, 
in each of which there is included an optical waveguide 
and wherein the surface acoustic waves are propagated 
in opposite directions. 

John J. Johnson et al. in US patent 5.218.653 
describe an acousto-optical device similar to that of H. 
Herrmann et al. (Fig. 3). 

An acousto-optical device of the type described by 
H. Herrmann et al. has been made by the Applicant In 
this device two optical waveguides were connected to 
two polarization splitters coupling the polarization 
modes, connected to the waveguides with respective 
portions curved into an "S". and two acoustic 
waveguides each contained a respective optical 
waveguide. With each acoustic waveguide there was 
associated an electro-acoustic transducer, formed by 
interdigital electrodes. The two optical waveguides were 
about 18 mm long and spaced by 270 microns, the 
polarization splitters were about 5 mm long, the portions 
curved into an "S" were about 8 mm long with a radius 
of curvature of about 160 mm. The overall length of the 
device was about 60 mm. 

With the device In the OFF state (direct transmis- 



sion), total lossef about 2 dB for the 
TM input and ofinput. resulting in a 
polarization dep<of 3 dB, due to the 
presence of fourp an "S" for the con- 

5 nection of each (. The crosstalk with 
respect to the co^ate ranged from -1 8 
dB to -20 dB, in rng ratio of the polar- 
ization splitters. 

With the deva (cross-state), total 

10 losses of about 2it and of 3 dB for the 
TE input were arization dependent 
loss is lower du^n ^f 4he switching 
losses on tx3th p< 

The switchind a bandwidth of 2.0 

15 nm and a first sicThe conversion effi- 
ciency was gn (for both optical 
waveguides cons For an input signal 
polarized at 45° 5 normal to the sur- 
face of the subsli ratio of the device 

20 was limited to ab<effect of an acoustic 
cross-coupling o dB of the coupled 
acoustic power, ;e (total) conversion 
efficiency was r^% due to the mis- 
match of the com from 0.2 nm to 0.5 

25 nm. 

In particular.jrtain component of 
the acoustic v in' an acoustic 
waveguide interfcl signal propagating 
in the side-by-side. This has involved 

30 an increase in thk in the direct-trans- 
mission state of i 

In addition, tor mismatch, of the 
optical signal oat value that is differ- 
ent in the two opiue to lack of homo- 

35 geneity of the sthe material of the 
substrate and tdefines the optical 
waveguides canniy uniform birefrin- 
gence, also due iring manufacturing, 
such as non-urnd/or width of the 

40 deposited layer dent in the diffusion 
temperature of thnall local variations 
in birefringence * in the peak wave- 
length switched optical waveguides 
that is greater ttance between the 

45 same waveguide 

Due to maections of the two 
polarization sp to the optical 
waveguides of thversion stage, with 
the device in thtt transmission), the 

50 input signal Si. th the direct-transmis- 
sion output, is lent that depends on 
the crosstalk a qDlitters according to 
a splitting ratio S a is equal to about 
0,3%. In the caoolarization splitters 

55 have the same cparasitic or residual 
signal componearization splitter has 
the same order parasitic or residual 
component fromation splitter. At the 
direct-transmissre is a signal 
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Sb =^K) Si.gation losses. Para- 
sitic componenue guided toward the 
cross-state outps a residual signal 
Sc = 4a Si . At tistate output there is 
a destructive int^e parasitic compo- 
nents of the sige cross-state output 
there is construcitween the two para- 
sitic components 

The presencsignal at the output 
penalizes the to (ratio between the 
power at the oute for the attenuated 
polarization comial power at output), 
or interport cross made by the Appli- 
cant, an increased of 5-6 dB of the 
total extinction liwith respect to the 
extinction ratio otion splitter. In fact, 
the extinction ratarization splitter are 
equal to -25 dB.n ratio for the com- 
plete device, comtters. is only -19 dB. 

A similar noithe acousto-optical 
devices, describd with a conversion 
stage comprisinptro-acoustic trans- 
ducer for the twies and a common 
acoustic waveguirtical waveguides. 

According taavelength selective 
acousto-optical \ comprises a sub- 
strate in a birefRlastic material, on 
which there are c 
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the two optical waveguides, 



k 
m 



is the wavelength of said optical signal. 

IS a number greater than 0 but smaller than 1 

and 

is 0 or an integer; 



10 



15 



20 



25 



a) at least orie conversion stage 
of an optical cted range of wave- 
lengths. inciL 



30 



fil optical waveguide 



a1) a 
path, 

a2) at letic waveguide con- 
taining aie of said first and 
second oath, and 
a3) first of a surface acous- 
tic wave said first acoustic 
waveguii 

b) a first ancation selective ele- 
ment, placeownstream. respec- 
tively of s^ge and optically 
connected tl second optical 
waveguide P)arating in said first 
and second )olarization compo- 
nents of said 

characterized in t 

said first and secjide path have opti- 
cal lengths that a^ the other, the dif- 
ference being eq« value represented 
by 



35 



40 



45 



50 
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where d is the dihe optical paths of 



in order to create a phase shift between at least a first 
and a second parasitic component of said optical signal 
exiting from said second polarization selective element 
such that said parasitic components undergo a destruc- 
tive interference. " ooesiruc 

In the acousto-optical device according to the 

paH^s Of ttie two waveguides equal to a preselected 
H ^ 'vavelength, or odd multiples thereof 

d = ±A. (k + m) . Preferably, m = 0 so as to reduce to a 
minimum the dependence of the balance of the optical 
paths on the wavelength. The balance between the opti- 
cal paths allows a phase shift to be obtained between 
two preselected parasitic components of the signal 
present at the cross-transmission output of the device 
The phase shift has a value such as to cause a destruc- 
ftve interference between the two parasitic components 
of the signal that thus cancel one another out. This bal- 
ancing of the optical paths allows a significant reduction 
to be obtained in the extinction ratio, or interport cross- 
talk, in the completely crossed state of the device 
.r^ ^^^'■^^^^^"taQes of the acousto-optical device 
according to the invention consist in a reduction in the 
background noise at wavelengths other than the central 

banZLr""'*' " ^ "''".^"'"^ °' 

"^^^cousto-optlcal device according to the inven- 
tion can be used as a tunable 2x2. 1x2 and 2x1 switch 
with a polarization independent response, or as a polar- 
ization independent response tunable filter 

Features and advantages of the invention will now 
be Illustrated with reference to embodiments of the 

rnH!!!!!]^^^'^®"*^ non-limiting examples in the 
enclosed drawings, wherein: 

Fig- 1 is a diagrammatic representation of a tunable 
2x2 acousto-optical switch, with a polarization inde- 
pendent response, made according to the inven- 

tion; 

Fig. 2 shows on an enlarged scale portions of the 
waveguides of the switch of Fig. i ; 
Rgs.^3. 4. 5 and 6 shows variants of the switch of 

Fig. 7 is a graph of a filter curve of the acousto-opti- 
cal switch of Fig. l ; ^ 

Fig. 8 is a graph of a filter curve of a traditional 
acousto-optical switch. 

There is shown in Rg. i a tunable 2x2 acousto-opti- 
cal waveguide switch, with a polarization independent 
response, made according to the invention. The switch 
comprises a substrate 1 in a birefringent and photoelas- 
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tic material, consisting of lithium niobate (LiNbOa). 

There are obtained in the. substrate 1 two polariza- 
tion selective elements 2 and 3 and a conversion stage 

The two polarization selective elements 2 and 3 are 
formed by polarization splitters in an optical waveguide, 
each comprising respective central optical waveguide 
portions 5 and 6 and optical waveguide input and output 
branches 7, 8, 9. 10 for splitter 2 and 1 1. 12. 13. 14 for 
splitter 3. respectively. 

The input branches 7 and 8 of splitter 2 are con- 
nected to input ports 7X and 81 of the switch through 
respective connecting optical waveguides 70 and 80. 
The output branches 13 and 14 of splitter 3 are con- 
nected to output ports 131 and 141 of the switch 
through respective connecting optical waveguides 130 
and 140. The output branches 9 and 10 of splitter 2 are 
connected to respective connecting optical waveguides 
90 and 100 each comprising two curved, or arched, por- 
tions with opposite convexity 90a, 90b and 100a. 100b. 
Similarly, the output branches 1 1 and 12 of splitter 3 are 
connected to respective connecting optical waveguides 
110 and 120 each comprising two curved, or arched, 
portions with opposite convexity 110a. 110b and 120a, 
120b. Portions 90a, 90b. 100a, 100b, 110a, 110b. 120a 
and 120b have for example a radius of curvature R 
ranging from 100 to 180 mm. 

The input ports 71 and 81 and the output ports 131 
and 141 are adapted to being connected to optical 
fibres of a telecommunications network, or to other opti- 
cal components, by means of suitable connecting 
devices (called pigtailing), not shown, as they are of a 
known type. In relation to the characteristics of such 
connecting devices, ports 71 and 81 and ports 131 and 
1 41 are, for example, at a distance of some 270 microns 
one from the other. 

The conversion stage 4 comprises two rectilinear 
and parallel optical waveguide branches 15 and 16, two 
acoustic waveguides 18 and 19, containing the 
branches 15 and 16, and electro-acoustic transducers 
20 and 21, respectively. 

Branch 15 and corresponding optical connecting 
waveguides 90 and 110 and branch 16 and correspond- 
ing optical connecting waveguides 100 and 120 form 
two optical paths 1 50 and 1 60 that connect the polariza- 
tion splitters 2 and 3. 

The electro-acoustic transducers 20 and 21 are 
formed by interdigttal electrodes, capable of generating 
two counter-propagating radio-frequency surface 
acoustic waves. The acoustic wave generated by trans- 
ducer 20 is collinear with the signals traveling along the 
wavelength branch 15. while the acoustic wave gener- 
ated by transducer 21 is counter-linear with the signals 
traveling along the wavelength branch 16. In order for 
the first and the second acoustic wave to have the same 
frequency, it is preferable that a single electrical driving 
signal be supplied to both the electro-acoustic transduc- 
ers 20 and 21, The transducers 20 and 21 are placed in 
acoustic waveguides 22 and 23 that are side-by-side 



and in communication with the acoustic waveguides 18 
and 19. respectively, so as to form an acoustic coupler. 
Such acoustic coupler is made so that the intensity pro- 
file of the surface acoustic wave along the waveguides 

5 22 and 23 has a peak in the central portions of such 
guides and two troughs at the ends of the same guides- 
Optical signals propagating along branches 15 and 16 
interact with a respective acoustic wave, having increas- 
ing intensity up to halfway along the path and decreas- 

70 ing intensity in the other half, in an area having a 
preselected interaction length. At the ends of the acous- 
tic waveguides 22 and 23 there are acoustic absorber 
means 24 capable of eliminating reflections of the 
acoustic waves. The acoustic waveguides 18. 19, 22 

75 and 23 are formed by means of areas 25 wherein the 
speed of the acoustic waves is higher than in guides 18. 
19. 22 and 23. 

The overall length of the connecting optical 
waveguides 100, 120 and of the branch 16 is greater 

20 than the overall length of the two connecting optical 
waveguides 90, 110 and of the branch 15 by half the 
wavelength {)J2). or odd multiples thereof, of the optical 
signal(s) that flow through the switch, so as to provide 
optical paths 150 and 160 having an overall length that 

25 differs by an amount equal to half a wavelength, or odd 
multiples thereof. In the illustrated embodiment, for opti- 
cal signals having a wavelength of 1550 nm. the con- 
necting optical waveguides 90. 110 and 100. 120 have 
a different overall length due to the fact that the curved 

30 portions 90a. 90b. 110a. 110b. 100a, 100b. 120a and 
120b have the same radius of curvature and subtend 
corresponding angles at the center that are different, as 
shown in particular in Fig. 2. 

Naturally the optical path 160 can be either greater 

35 or lesser by half a wavelength than the optical path 1 50. 
The operation of the switch described above is as 
follows. 

When no voltage is applied across the electro- 
acoustic transducers 20 and 21. the device is switched 

40 off (off-State) and it is in the condition of direct transmis- 
sion or parallel state (bar-state) wherein there is a direct 
correspondence between the input ports 71 and 81 and 
the output ports 131 and 141 . respectively. The light sig- 
nals enter through ports 71 and 81 and arrive in the 

45 polarization splitter 2 where the polarization compo- 
nents TE (electrical transversal) and TM (magnetic 
transversal) are ideally separated in the output 
waveguide portions 9 and 10. The components TE and 
Tf^ pass unaltered through branches 15 and 16 of con- 

50 version stage 4 and are then separated in output 
waveguide portions 13 and 14 of polarization splitter 3. 
so that the signals entering through ports 71 and 81 
leave unchanged through ports 131 and 141. 

Since the polarization splitters 2 and 3 are not ideal. 

55 when an optical signal SI is supplied to an input of the 
splitter, there is. in the branch of the splitter where there 
should be an absence of signal, a fraction of signal with 
a value a (splitter crosstalk), for example with a value of 
0.3%. For example, if the splitter 2 has a crosstalk a1 , 
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for the TM polarization cofnpbnent of a signal with an 
intensity Si supplied at input 71. for which a parallel 
(bar) passage through the splitter is provided, this 
means that in the branch 10 of the splitter, instead of no 
signal, there is a fraction with a value a1 S1 and, corre- 5 
spondlngly, a signal with an intensity (1-a1) Si in the 
branch 9. In turn, the splitter 3 has a crosstalk a2; then, 
for the polarization component TM there is, at Its input in 
the branch 1 1. a signal with an intensity (1-a1) Si and 
the crosstalk of the splitter 3 provides on output branch 10 
13 (that is at the output 131 of the switch) a signal with 
an Intensity Sb1 = (1-a2)(1-a1) SI and on the branch 
14, that is at the cross-state output 141 of the switch, a 
signal with an intensity Scl = a2(1-a1) S1 . At the 
input to the splitter 3, besides, there is in the branch 12 75 
a component with an Intensity a1 Si ; such component, 
in turn, originates a signal in the branch 14 with an 
intensity Sc2 = {1-a2) a1 Si and in the branch 13 a 
signal with an intensity Sb2 = a2 a1 Si . 

If a1 and a2 are the same and if is considered so 
negligible, one has respectively at the output 131 : 

Sb1 = (1-2a) Si (loss at bar output is negligible), 
and at the output 141: 

Scl = a (1-a) Si (the crosstalk component in 25 
branch 16 of the converter a1 Si passing directly 
through the splitter 3), and 

Sc2 = a (1-a) S1 (the crosstalk through splitter 3 
of the component (1-a1) S1 that has passed 
directly into branch 1 5 of the converter). 30 

In the traditional case wherein the optical paths are 
the same in the two branches of the switch, the fields^ of 
the two components Scl and Sc2 add up (constructive 
interference) and. ideally, there is a signal intensity 35 
Sc(TM) = 4 a SI . 

The behaviour is similar for the polarization compo- 
nent TE of the optical signal at Input. 

In the switch according to the Invention, wherein the 
two optical paths 150 and 160 are selected to be differ- 40 
ent by half a wavelength (or odd multiples thereof), the 
two components Scl and Sc2 are in complete phase 
opposition and thus originate a destructive interference. 
In fact, since the optical path 160 has a length greater 
than the optical path 150 by a fraction of a wavelength, 45 
in particular half a wavelength, the optical signal's para- 
sitic components present in the connecting waveguide 
140 are out of phase by 180** and interfere in a destruc- 
tive manner, ideally canceling each other out. At the 
cross-state transmission output 1 41 there is, thus, a sig- so 
nal Sc substantially equal to zero, while at the direct- 
transmission output 131 there is a signal Sb substan- 
tially equal to SI and the penalization due to the cross- 
talk of the polarization splitters 2 and 3 is thus practically 
eliminated. 55 

By applying an appropriate switching signal to the 
electrodes of transducers 20 and 21, the device is 
switched on (on-state) and changes over to a condition 
of cross-state, wherein the input ports 71 and 81 corre- 
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spond to the cross -state output ports 141 and 131. 
respectively. The transducers 20 and 21 generate a 
respective radio-frequency surface acoustic wave hav- 
ing an acoustic control frequency fgc (about 174 ± 10 
MHz for devices operating at 1550 nm and 210 ± 10 
MHz for those operating at 1300 nm) corresponding to 
the optical resonance wavelength, at which the polari- 
zation conversion TE -> TM or TM -> TE takes place. 
The light signals enter the polarization splitter 2 where 
the polarization components TE and TM are separated 
and pass through the branches 1 5 and 1 6 of the conver- 
sion stage 4 where they are converted into the state of 
orthogonal polarization . The polarization components 
TE and TM are then sent on Into the polarization splitter 
3 so that the selected polarization components from 
input port 71 can leave through output port 141 together 
with the unselected components from port 81 and the 
selected polarization components from port 81 can 
leave through output port 131 together with the unse- 
lected components from port 71. The signals, that in 
conversion stage 4 are subjected to a polarization con- 
version, are guided in the completely cross-state condi- 
tion, to produce the function of total switching. 

The two optical signal's parasitic components 
present in waveguide portion 140 are out of phase by 
180° and interfere in a destructive manner, canceling 
each other out. There Is a signal Sc at the cross-state 
transmission output 141 substantially equal to the signal 
converted in the optical waveguide 15. for example, 
S(TE). This signal S(TE) has a frequency shift whose 
sign is determined by the fact that optical signal and 
acoustic wave are either collinear or counter-linear. On 
direct-transmission output 131 there Is a signal Sb due 
to two parasitic components of the optical signal con- 
verted in optical waveguide 15 and in optical waveguide 
16. The two. parasitic components have a respective 
intensity equal to a S(TE) and frequency shift with either 
a negative or a positive sign, respectively, according as 
to whether optical signal and acoustic wave are col- 
linear or counter-linear. These two parasitic compo- 
nents of the signal produce a beat with a maximum 
intensity substantially equal to 4 a S(TE). In this way the 
average crosstalk of the polarization splitters is limited 
to about -22 dB. 

The Applicant has made a balanced acousto-opti- 
cal switch, like the one of Fig. 1 . for operation at a wave- 
length of 1550 nm, that has the following dimensions: 
the two optical waveguides 15 and 16 are about 18 mm 
long and are spaced by 270 microns. The curved por- 
tions 90a. 90b, 100a, 100b. 110a. 110b. 120a. 120b 
have a radius of curvature of about 140 mm. Portions 
90a and 1 10a subtend respective angles at the center 
of about 1 .477*', portions 90b and 1 1 0b subtend respec- 
tive angles at the center of about 1 .777**. portions 100a 
and 120a subtend respective angles at the center of 
about 1.564** and portions 100b and 120b subtend 
respective angles at the center of about 1.864** as 
shown in Fig. 2. The overall length of optical path 160 is 
greater by half a wavelength than the overall length of 
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optical path 150. The polarization splitters 2 and 3 are 
about 5 mm long. The overall length of the device is 
about 60 mm. 

There is shown in Fig. 7 a spectrum of the filtering 
curve of the balanced acousto-optical switch in the state 5 
of cross transmission. The amplitude of the optical sig- 
nal (transmission), expressed in dB, is plotted along the 
y-axis against the wavelength of the optical signal (X), in 
nm, along the x-axis. It is seen that the background 
noise is less than or equal to -30 dB. the side lobes are io 
less than or equal to -22 dB and the band width is 100 
nm. 

The improvement in performance obtained with the 
balanced acousto-optical switch appears obvious from 
the comparison with the graph of Fig. 8 wherein there is 75 
shown a spectrum of the filtering curve, in the cross- 
transmission state, of an acousto-optical switch with a 
structure similar to that of the switch of Fig. 1 . but made 
in a traditional manner (with optical paths of equal 
length). The scale of the x- and y-axes of Fig. 7 coin- 20 
cides with that of the graph of Fig. 6 so that the two 
graphs can also be compared by superposing them. It is 
seen that the traditional switch has a worse perform- 
ance than that of the switch of Fig. 1 because back- 
ground noise is lower than or equal to -21 dB. the side 25 
lobes are about -18 dB and the bandwidth is 2 nm. 

Of course the differences in the desired length of 
the optical paths can be obtained not only with arcs of 
different amplitude of the curved portions of optical 
waveguide, but also with different radii of curvature of 30 
the curved portions and different lengths of the rectilin- 
ear branches 15 and 16. according to the specific 
design requirements of the switch- 
There is shown in Fig, 3 a variant of the acousto- 
optical switch of Fig. 1 wherein the same parts are indi- 35 
cated with the same numbers. In the switch of Fig. 3 the 
branches of the optical waveguides 15 and 16 of con- 
version stage 4 are contained in a common acoustic 
waveguide 30. One electro-acoustic transducer only 31 . 
located in a side-by-side waveguide 32. generates a 4o 
surface acoustic wave that interacts with the two optical 
waveguides 15 and 16. The acoustic wave is collinear 
with the signals running along the waveguides 15 and 
1 6. The acoustic waveguide 30 has a width of about 1 1 0 
microns and the two optical waveguide branches 1 5 and 45 
1 6 are placed at a distance of about 40 microns. 

In this case, preferably, the optical path 160 has a 
length that is greater (or lesser) by a quarter of a wave- 
length (}J4) than that of the optical path 150. so that a 
partially destructive interference takes place between so 
the optical signal's parasitic components in the portion 
of the connecting waveguide 140. 

When the device is switched on, the two polariza- 
tion components separated in the two optical paths 150 
and 160 are both propagated in the same direction as ss 
the acoustic signal and are thus subjected to a fre- 
quency shift of the same sign. At the cross-state trans- 
mission output 141 there is a signal Sc substantially 
equal to the signal converted in the optical waveguide 



15. for example S(TE). This signal S(TE) has a fre- 
quency shift with a negative sign because optical signal 
and acoustic wave are collinear. A balance is thus 
obtained of the optical paths of the switch in the state of 
cross transmission. At the direct-transmission output 
131 there is a signal Sb due to two parasitic compo- 
nents of the optical signal converted in optical 
waveguide 15 and in optical waveguide 16. These para- 
sitic components of the signal have an intensify equal to 
a S(TE) and a phase shift of 90** (>74), resulting, thus, in 
a partially destructive interference. In this way the aver- 
age crosstalk of the overall device is limited to about -22 
dB. 

If in the switch of Fig. 3 the optical paths 150 and 
160 were to have a length different by half a wavelength 
(or odd multiples thereof), the parasitic components 
would add up constructively in the direct (bar) output of 
the switch, which would involve a significant limitation in 
the extinction ratio of the switch itself (of the order of 
about -19 dB). 

There is shown in Fig. 4 a variant of the acousto- 
optical switch of Fig. 1 wherein with the optical 
waveguide branches 15 and 16 there are associated 
two positive electrodes 40 and 41 and a common nega- 
tive electrode 42. The electrodes 40-42 are formed by 
shaped strips of conductive material, such as Ti, Au. At. 
deposited by evaporation or galvanic growth or sputter- 
ing. The electrodes 40, 41 and 42 are connected to a 
suitable source of electrical energy. The pairs of elec- 
trodes 40, 42 and 41. 42 generate two electrical fields 
that can be adjusted in intensity in order to modify the 
refractive index of the material of the substrate 1 so as 
to provide a fine tuning of the optical paths in branches 
15 and 16. 

There is shown in Fig. 5 a variant of the acousto- 
optical switch of Fig, 1 wherein electrodes 50, 51. 52 
and 60, 61, 62 are associated with the waveguide por- 
tions 90, 100, 110, 120. Electrodes 50-52 and 60-62 are 
formed by shaped strips of conductive material, such as 
Ti, Au, Al, connected to a suitable source of electrical 
energy. In this case, the pairs of electrodes 50 and 52, 
51 and 52, 60 and 62. 61 and 62, that have the same 
functions as those described with reference to Fig. 4, 
are located at the optical connecting waveguides 90. 
1 00, 11 0, 120 and thus allow the desired variation to be 
made to the optical path along the connections them- 
selves without requiring any increases in the length of 
substrate 1 . 

Electrodes 40, 41, 42 of the switch of Fig. 4 and 
electrodes 50, 51 , 52 of the switch of Fig. 5 allow, in par- 
ticular, the compensation of any differences in behav- 
iour between the two polarizations TM and TE, thanks 
also to the different sensitivities of the two components 
TM and TE to the action of the applied electrical field. 

In a further embodiment of the switch, illustrated in 
Fig. 6. electrodes 170. 171. 172 and 180, 181, 182 are 
associated with a switch having a single acoustic 
waveguide, of the type already described with reference 
to Fig. 3. These electrodes, conveniently, are activated 
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at the time the device is swITChed on. In this case it is 
possible to arrange optical paths 150 and 160 with a 
length that differs by xy2 one from the other, so as to 
have the complete extinction of the parasitic compo- 
nents in the off state and to change, through the elec- 5 
trodes, the length of the optical paths only at the time 
when the device is switched on, thus reconstituting, 
even when the device is in the switched-on condition, 
the condition of complete destructive interference of the 
parasitic components, without penalizing the behaviour 10 
in the switched-off condition. 

The switches of Figs. 1. 3. 4, 5 and 6 operate cor- 
rectly If input ports 71 and 81 and output ports 131 and 
141 are exchanged and the latter act as input ports, 
while the former act as output ports. 15 

The switches of Figs. 1,3.4,5 and 6 are capable of 
operating at room temperature within a range of optical 
wavelengths at least 100 nm wide centered on the 
wavelength of 1550 nm or of 1300 nm. that are particu- 
larly interesting for optical telecommunications. 20 

The substrate 1 consists of a crystal of LiNbOs cut Claims 
perpendicularly to the x-axis; the waveguide branches 
15 and 16 are oriented along the y-axis of the crystal. 1. 
Instead of LiNbOa another birefringent, photoelastic 
and piezoelectric material may be used, selected in the 25 
group LiTaOs, Te02. CaMo04. The overall length of the 
devices is about 40-60 mm. 

The acoustic waveguides 18, 19. 22. 23. 30, 32 can 
be made by means of a photo-lithography mask circum- 
scribing strips 25 of substrate 1. Within the surface cir- 30 
cumscribed by the mask apertures there have been 
executed a deposition of a Ti-layer with a thickness of 
160 nm and a subsequent Ti-diffusion in the substrate 
for 31 hours in an oven at a temperature of 1060°C. Due 
to the effect of the diffusion, the speed of the acoustic 35 
waves has increased by about 0.3%, so that the areas 
25 confine the acoustic waves along guides 18. 19 and 
30, 

The optica! waveguides and the polarization split- 
ters can be made by means of diffusion in the substrate 4o 
of a substance capable of raising the refractive index. 
Using a photo-lithographic mask, it is possible to exe- 
cute a deposition of a Ti-layer having a thickness of 
about 1 20 nm and a subsequent diffusion for 9 hours at 
a temperature of 1 030**C. In con-espondence to the opti- 45 
cal waveguides, the mask has an aperture with a width 
of about 7 microns. 

The optical and acoustic waveguides are preferably 
monomodal for the optical and acoustic waves used. 

The interdigital electrodes of the electro-acoustic so 
transducers 20, 21 and 31 are deposited on the (piezo- 
electric) substrate 1 . with an inclination of about 5** to 
the y-axis. Preferably, the transducers have 15-20 or 
more pairs of Interdigital electrodes with a periodicity of 
about 20,8 microns. Preferably the electrodes have a 55 
variable pitch ("chirp") to widen the response band. The 
value of the periodicity derives from the value of the 
wavelength in LiNbOa oi a surface acoustic wave with a 
frequency of about 173.5 MHz, which is the value 
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needed for T^^-> TM conversion at an optical wave- 
length of about 1550 nm. By modifying the periodicity of 
the electrodes it is possible to provide transducers suit- 
able for acousto-optical devices operating in other 
wavelength bands. The electrodes can be made by 
depositing on the substrate a metal layer, for example 
aluminum with a thickness of 500 nm. 

It is possible to tune the acousto-optical switches to 
the wavelength of 1500 nm or 1600 nm. displaced by 50 
nm with respect to the central wavelength of 1550 nm. 
by supplying to the interdigital electrodes a power of 
about 1 00 mW, against the 50 mW required for opera- 
tion at the central wavelength. 

Although described with reference to a switch of the 
2x2 type, the present invention can find use in more 
complex components where optical paths are present 
between polarization splitters, by introducing adjust- 
ments, according to what known to a person skilled in 
the art. 



An acousto-optical waveguide device, selective In 
wavelength, comprising a substrate (1) in a birefrin- 
gent and photoelastic material, on which there are 
obtained: 

a) at least one polarization mode conversion 
stage (4) of an optical signal in a preselected 
range of wavelengths. Including 

a1) a first and a second optical path (150, 
160) in an optical waveguide (90. 15, 110; 
100. 16. 120), 

a2) at least one first acoustic waveguide 
(18; 19: 30) containing a part of at least 
one of said first and second optical path 
(150, 160) in the optical waveguide. (90. 
15, 110; 100. 16. 120), and 
a3) first generating means of a surface 
acoustic wave (20; 21 ; 31) associated with 
said first acoustic waveguide (18; 19; 30). 

b) a first and a second polarization selective 
element (2, 3). placed upstream and down- 
stream, respectively of said conversion stage 
(4) and optically connected to said first and 
second optical path (150, 160) in the optical 
waveguide (90, 15. 1 10; 100, 16. 120). capable 
of separating in said first and second optical 
path (150. 160) two polarization components of 
said optical signal; 

characterized in that 

said first and second optical path (150. 160) in the 
optical waveguide (90. 15. 110; 100. 16. 120) have 
optical lengths that are different one from the other, 
the difference being equal to a preselected value 
represented by 
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d = ±X (k + m) 

where d is the difference between the optical paths 
(150. 160) of the two optical waveguides (90, 15, 
110; 100. 16. 120). 5 

X is the wavelength of said optical signal, 

k is a number greater than 0 but smaller 

than 1, and 

m is 0 or an integer: w 

in order to create a phase shift between at least a 
first and a second parasitic component of said opti- 
cal signal exiting from said second polarization 
selective element (3). such that said parasitic com- is 
ponents undergo a destructive interference. 

2. An acousto-optical device according to claim 1. 
characterized in that said first and second optical 
path (150, 160) comprise a respective first and sec- 20 
ond rectilinear and parallel branch of an optical 
waveguide (15, 16) and respective connecting opti- 
cal waveguides (90, 110; 100. 120) that connect 
said first and second branch (15. 16) with said first 
and second polarization selective element (2, 3). 25 
said connecting optical waveguides (90. 110) of 
said first optical path (1 50) having a length different 
from the length of said connecting optical 
waveguides (100. 120) of said second optical path 
(160) by an amount corresponding to said value d. 30 

3. An acousto-optical device according to claim 2, 
characterized in that said connecting optical 
waveguides (100. 120) of said second optical path 
(160) have a length greater than said connecting 35 
optical waveguides (90, 110) of said first optica! 
path (150) by an amount corresponding to said 
value d. 

4. An acousto-optical device according to claim 2. 40 
characterized in that said connecting optical 
waveguides (90. 110; 100, 120) comprise a respec- 
tive pair of curved portions (90a, 90b; 1 10a. 11 Ob; 
100a. 100b; 120a, 120b) having a preselected 
radius of curvature and opposite convexity, said 45 
curved portions (90a, 90b; 1 10a. 1 10b: 100a. 100b; 
120a. 120b) subtending angles at the center having 

a different value so that said second optical path 
has a length greater than said first optical path by 
said valued. so 

5. An acousto-optical device according to claim 4. 
characterized in that said curved portions (90a. 
90b; 110a, 110b; 100a, 100b; 120a. 120b) have a 
radius of curvature ranging from 100 to 180 mm. 55 

6. An acousto-optical device according to claim 1, 
characterized in that second generating means of a 
surface acoustic wave (21 ; 20) are associated with 
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" a second acoustic waveguide (19). said first acous- 
tic waveguide (18) containing at least a part of said 
first optical path (150). said second acoustic 
waveguide (19) containing at least a part of said 
second optical path (160), said difference in length 
between said optical paths (150, 160) being equal 
to half a wavelength. 

7. An acousto-optical device according to claim 1. 
characterized in that said first acoustic waveguide 
(30) contains at least a part of said first and second 
optical path (150.-160). said difference in length 
between said optical paths (150. 160) being equal 
to a quarter of a wavelength. 

8. An acousto-optical device according to claim 2, 
characterized in that electrodes (40, 41, 42) are 
associated with said first and second optical 
waveguide branch (15. 16) to generate electrical 
fields capable of modifying the refractive index of 
the material of said substrate (1) and to execute a 
fine tuning of said optical paths (150. 160). 

9. An acousto-optical device according to claim 2, 
characterized in that electrodes (50, 51. 52; 60. 61. 
62) are associated with said connecting optical 
waveguides (90, 110; 100, 120) of , said:, first and 
second optical path (150. 160) to generate electri- 
cal fields capable of modifying the refractive index 
of the material of said substrate (1) and to execute 
a fine tuning of said optical paths (150. 160). 

10. An acousto-optical device according to*.claim 1. 
characterized in that said first acoustic waveguide 
(30) contains at least a part of said first and second 
optical path (150. 160), said difference in length 
between said optical pa^ths (150. 160) being equal 
to a quarter of a wavelength, electrodes (170. 1 71 , 
172; 180, 181. 182) being associated with said con- 
necting optical waveguides (90. 110; 100, 120) of 
said first and second optical path (150, 160) to gen- 
erate electrical fields capable of modifying the 
refractive index of the material of said substrate (1) 
and to vary said length of said optical paths (150, 
160). 
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